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12 Abstract
13 Using a revised chronology, a new palynological study on the late Pliocene (Piacenzian and 
14 earliest Gelasian) Rio Maior site of the Tagus Basin in western Portugal has been undertaken 
15 from the F98 core. Combining light microscopy and scanning electron microscopy, a total of 
16 127 different pollen and spore taxa have been identified from the Piacenzian Lake and 
17 indicate the presence of a subtropical to warm-temperate mixed forest during the majority of 
18 the Piacenzian (3.6 – 2.8 Ma). It is only in the latest Piacenzian (after 2.8 Ma) that 
19 progressive extinctions of climate sensitive taxa and a drop in diversity indicate a cooling and 
20 drying climate trend that has also been recorded from high-latitude localities. By the earliest 
21 Gelasian (2.58 Ma), a low diversity Ericaceae and Pinus dominated vegetation remained. The 
22 Piacenzian flora of Rio Maior also shows fluctuations in the presence of climate sensitive 
23 taxa and pollen-spore diversity that may be related to Piacenzian glaciations. 
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25 1. Introduction
26 1.1. Rationale
27 The Pliocene marks the final shift from palaeoclimates warmer than present-day to the 
28 glacial – interglacial cycles of the Quaternary (Dowsett and Poore, 1991; Dowsett et al., 
29 1994; 1996; 2016; Haywood et al., 2011; Haywood et al., 2013 a; b; Salzmann et al., 2013). 
30 Having an interglacial climate warmer than present day and glacial intervals at, or above, 
31 present day temperatures makes the Pliocene an excellent natural laboratory for exploring 
32 earth systems in a warmer than present climate (IPCC, 2013; Panitz et al., 2016). Earth 
33 system reconstructions and palaeoclimate modelling of the Piacenzian (3.6 – 2.58 Ma) are 
34 both well developed and provide a global scale context to our understanding of the late 
35 Pliocene (Dowsett et al., 1994; 2010; 2016; Salzmann et al., 2013; Pound et al., 2014; 
36 Haywood et al., 2016; Boyd et al., 2018). However, the strength of the Earth System 
37 reconstructions and the evaluation of climate simulations are reliant on proxy data (Salzmann 
38 et al., 2013). For global scale reconstructions, new proxy data strengthens, refines and 
39 changes our understanding of climate and environments during the Pliocene (Salzmann et al., 
40 2013; Pound et al., 2015; Panitz et al., 2016). Whilst for climate modelling of the Pliocene, 
41 the need for geographically widespread and high-resolution terrestrial data is necessary for 
42 meaningful data-model comparisons (Salzmann et al., 2013; Haywood et al., 2013a). In this 
43 paper we present a palynological record from the lower Tagus Basin, Portugal within the 
44 context of the new stratigraphical framework that revises the dating of the Rio Maior flora to 
45 the Piacenzian. This pollen record includes a level of taxonomic detail that has not been 
46 previously reported for the Atlantic margin of the Iberian Peninsula. It clearly demonstrates a 
347 more humid vegetation type during the entire Piacenzian than has been reported from the 
48 central or eastern regions of the Iberian Peninsula.
49 1.2. The Rio Maior flora
50 The palynology of the Rio Maior flora has been investigated since the 1940s when 
51 Miguel Montenegro de Andrade studied the first samples from lignites and peats outcropping 
52 in this region (Andrade, 1944). In the 1960s, Filomena Diniz started to investigate the Rio 
53 Maior basin. Pollen analyses of two drill cores in the axis of the basin allowed Diniz (1984) 
54 to recognize nine floristic assemblages (A to I). These attested to a general trend from 
55 subtropical (warm-humid) to a cooler, but still humid, climate (Diniz, 1984). An outcrop in 
56 the Abum area (Rio Maior) that is stratigraphically equivalent to Diniz’s (1984) floristic 
57 assemblage G has yielded a partially studied macroflora (mainly documented by fossil 
58 leaves) including: Chamaerops humilis, Cinnamomum polymorphum, Fagus pliocenica, 
59 Myrica sp., Oreodaphne heeri, Osmunda cf. parschugiana, Pinus praepinaster, Pinus sp., 
60 Pittosporum tavaresi, Quercus faginea, Sabal cf. haeringiana, Salix sp., Sequoia cf. 
61 langsdorfii, Smilax mauritanica and Smilax targionii (Teixeira, 1942, 1944a, 1944b, 1954, 
62 1973-74; Teixeira and Pais, 1976; Pais, 1987). Detailed carpological analyses from these 
63 deposits have not yet been carried out. 
64 With an abundant palynoflora and well-preserved leaf assemblage, Rio Maior is a key 
65 location for understanding the Pliocene flora and palaeoclimate of the Atlantic coast of the 
66 Iberian Peninsula (Vieira, 2009). The Rio Maior flora has been compared with more northern 
67 (France, Germany) and eastern (Spain and Italy) palynological records to resolve regional 
68 scale climate development and it has been incorporated into the PRISM3 and PRISM4 global 
69 Piacenzian reconstructions (Suc et al, 1995a, b; 1999; Fauquette et al., 1999; 2007; Salzmann 
70 et al., 2008; Jiménez-Moreno et al., 2010; Salzmann et al., 2013; Dowsett et al., 2016). 
471 However, the majority of these have used the original dating of the palynoflora from Diniz 
72 (1984) and not incorporated more recent work in the area that has shown the sediments to be 
73 Piacenzian and Gelasian in age (Ramos and Cunha, 2004; Vieira, 2009).
74
75 2. Materials and methods
76 2.1. Geological setting and age
77 Rio Maior (39º20’ N, 8º56’W) is located close to the Atlantic coast in central Portugal 
78 (Fig. 1). The Pliocene deposits fill a sub-basin that is 7.5 km long and 2 km wide, which 
79 belongs to the north-west border of the Lower Tagus basin. This sub-basin is limited in the 
80 north by a tectonic fault oriented NW-SE and the Mesozoic rocks of Estremadura region (Fig. 
81 1). The Pliocene and Quaternary sediments of the sub-basin overlie an unconformity of 
82 Jurassic to Miocene strata. From the bottom to the top, the Rio Maior Pliocene sediments 
83 comprise: fine caulinitic sands, lignites and diatomites and, in the uppermost layers, clays and 
84 sands (Fig. 2) (Zbyszewski, 1943; 1967). The most complete sedimentary succession is 
85 located near the eastern border of the basin (Espadanal area) and constitutes a small anticline 
86 with a NW-SE orientation that is 3.5 km long and 1 km wide, with a maximum sediment 
87 thickness of around 120 m (Fig. 1). The core selected for this new study was drilled in the 
88 central part of this anticline to capture the most complete sequence of sediments (Fig. 1). 
89 The first geological study of this area was conducted by Zbyszewski (1943) who 
90 considered the Rio Maior deposits to be Plio-Quaternary in age (Zbyszewski 1943, 1949). 
91 Using climatostratigraphical correlation by the comparison with pollen zones established by 
92 Zagwijn (1960), Suc and Zagwijn (1983) and Suc (1984), Diniz (1984) proposed an age for 
93 the Rio Maior deposits that spanned the whole Pliocene and the Gelasian (i.e. the Lower 
594 Pleistocene). The Diniz (1984) age model has been used subsequently when correlating the 
95 Rio Maior flora to others across Europe (Suc et al., 1995a; b; 1999; Fauquette et al., 1999; 
96 2010; Jiménez-Moreno et al, 2010). However, these correlating/synthesising studies missed 
97 successive sedimentological, palaeontological and isotopic data that have revised this age 
98 estimate.
99 Sedimentological and lithostratigraphical studies show that a marine transgression 
100 took place on the Atlantic coast of Portugal during the latest Zanclean – earliest Piacenzian 
101 (Pena dos Reis et al., 1992; Cunha, 1992; Cunha et al., 1993; Ramos and Cunha, 2004). 
102 According to Ramos and Cunha (2004), the transgression reached 28 km inland and 
103 deposited a succession of littoral sands. The shallow marine deposits that document this 
104 transgression outcrop in the Vale do Freixo (north of Rio Maior) and have been dated using 
105 calcareous nannofossils (Cachão, 1990). The presence and abundance of Discoaster tamalis 
106 allowed correlation with the Biozone CN 12a (Okada and Bukry, 1980) ≈ NN16 of Martini 
107 (1971). This latest Zanclean – earliest Piacenzian transgression has also been dated regionally 
108 to the same nannofossil biozone (Liu et al., 1996). 
109 The same locality was the subject of a detailed molluscan remains study. This 
110 described the occurrence of Ancilla sp., Solariella cincta, Solatia piscatorial and Tribia 
111 uniangulata, that presently can only be found along the west coast of Africa. Those clearly 
112 indicate a shallow marine environment with relatively warm waters (Teixeira and 
113 Zbyszewsky, 1951; Silva, 2001). Some pectinid shells were analysed for 87Sr/86Sr isotopes, 
114 which dated this marine transgression that underlies the Rio Maior sediments to 3.79 ± 
115 0.27Ma (Silva, 2001). 
116 A diverse palynological assemblage was identified from this same outcrop and the 
117 presence of the dinoflagellate cysts Achomosphaera spp., Lingulodinium machaerophorum, 
6118 Operculodinium tegillatum, Selenopemphix armageddonensis, Spiniferites spp. and 
119 Tectatodinium pellitum. The presence of Selenopemphix armageddonensis and 
120 Lingulodinium machaerophorum with relatively long processes, supports the 
121 palaeoenvironmental reconstruction based on molluscs of a relatively shallow marine 
122 environment. (Vieira et al., 2006). According to Louwye et al. (2004), Operculodinium 
123 tegillatum is recorded in the north Atlantic from 5 – 3.5 Ma, becoming extinct close to the 
124 limit between biozones NN15 and NN16 of Martini (1971). Combining the nannofossil, 
125 dinoflagellate and the isotopic data we consider a narrowest age range of 3.7 – 3.52 Ma 
126 (widest possible age range: 4.06 – 3.5 Ma) for the marine transgression that underlies the 
127 pollen bearing sediments of Rio Maior. At that time, the sea reached Rio Maior and deposited 
128 a succession of littoral sands, which are followed by the diatomites, lignites and clays 
129 representing a lacustrine environment that have yielded an abundant pollen flora subsequent 
130 to the marine transgression (Cunha, 1992, Ramos and Cunha, 2004). The basal sands present 
131 in Rio Maior yielded rare dinoflagellate cysts comparable with the better studied assemblages 
132 of Vale do Freixo (Vieira, 2009).
133 The uppermost sediments of the Rio Maior succession have been dated by 
134 magnetostratigraphy of outcrops in the Abum area to the Gauss – Matuyama reversal at 2.58 
135 Ma (Diniz and Mörner, 1995) This provides an upper age estimate of the early Gelasian for 
136 the final in-filling of the Rio Maior sub-basin (Diniz, 2001, 2003). According to this new 
137 dating, the sequence of lacustrine diatomites and lignites were deposited mainly in the 
138 Piacenzian (late Pliocence). The previous Zanclean age assigned by Diniz (1984) and 
139 extensively quoted in the literature (Suc et al., 1995a; b; 1999; Fauquette et al., 1999; 2010; 
140 Jiménez-Moreno et al, 2010) should be considered redundant.
141 2.3. Methods
7142 This study utilizes the F98 core, which was taken in the central part of the sub-basin 
143 and recovered the entire sedimentary sequence (Fig. 1). This core was drilled in the 1970s 
144 and has been well conserved by the Portuguese Geological Survey. A total of 56 samples for 
145 palynological analyses were collected over 125 m, mainly from the diatomites and lignites 
146 (Fig. 2). From samples initially weighing about 50 g each, 15 g were processed for the 
147 diatomites and 5 g for the lignites. Sediments were treated with 30-40 ml of 37% HCl and 30-
148 40 ml of 40% HF to remove carbonates and silicates respectively. Sample residues were 
149 sieved at 125 µm and 10 µm to remove course and fine fractions. Due to the high quantities 
150 of amorphous organic matter and charcoal fragments, the samples were boiled with 2-3 g of 
151 NaBO2H2O23H2O (sodium perborate) and distilled water for about 5 minutes followed by 
152 three approximately one minute centrifugations in order to remove the chemical from the 
153 organic residue. No oxidizing reagents or alkalis, harmful to some pollen grains, were used. 
154 The final residues were diluted in liquid glycerine and mounted on slides. Slides were studied 
155 with a Leitz Laborlux S and Olympus CK 40 microscopes consulting literature including 
156 Erdtman (1971), Sivak (1975), Valdes et al. (1987), Reille (1999), Otero et al. (1996), Kapp 
157 et al. (2000) and Stuchlik et al. (2001, 2002). In order to get the most complete assemblage 
158 and identify questionable taxa, some pollen grains from all the slides studied, were separated 
159 for single grain observations under LM and SEM, according to the procedures outlined by 
160 Zetter (1989) and Vieira et al. (2009).
161 The palynological analyses include counts of pollen grains and spores. Pollen counts 
162 ranged from 303 to 521 grains per sample. Pediastrum and Botryococcus were not included 
163 in the counts (Supplementary table 1). Botryococcus is particularly abundant in many 
164 samples. Pollen zones were defined using CONISS in StrataBugs.
165 Palaeoclimate reconstructions of seven variables: Mean Annual Temperature (MAT), 
166 Cold Month Mean Temperature (CMMT), Warm Month Mean Temperature (WMMT), Mean 
8167 Annual Precipitation (MAP), Mean Precipitation of the Driest Month (MPdry), Mean 
168 Precipitation of the Wettest Month (MPwet) and Mean Precipitation of the Warmest Month 
169 (MPwarm) were produced using the co-existence approach (Mosbrugger and Utescher, 1997; 
170 Utescher et al., 2014). The co-existence approach utilises the modern climatic distribution 
171 from a fossil taxon’s nearest living relative’s realised niche to reconstruct palaeoclimates 
172 (Mosbrugger and Utescher, 1997; Utescher et al., 2014). By comparing the climatic ranges of 
173 all fossil taxa in a pollen assemblage it is possible to produce a range within which all plants 
174 could co-exist (Mosbrugger and Utescher, 1997; Utescher et al., 2014). As such climate 
175 reconstructions using the co-existence approach should be considered as ranges, not mid-
176 values with error margins or “most-likely” values (Mosbrugger and Utescher, 1997; Utescher 
177 et al., 2014). As each value in a co-existence approach range is of equal probability, 
178 presenting co-existence approach data in any format other than a range, is to present it 
179 incorrectly (Utescher et al., 2014; Pound and Salzmann, 2017). When applying the co-
180 existence approach to the Neogene the influence of modern relict taxa can introduce 
181 uncertainty into the reconstructions; so the relic taxa Cathaya and Craigia were excluded 
182 from the analysis in this manuscript (Utescher et al., 2014).
183 The Integrated Plant Record (IPR) technique was applied to the Rio Maior pollen 
184 assemblages in an attempt to reconstruct the zonal vegetation (vegetation biome) (Kovar-
185 Eder and Kvaček, 2007; Kovar-Eder et al., 2008; Teodoridis et al., 2011). Following the 
186 classification scheme presented by Kovar-Eder et al. (2008) and updated by Teodoridis et al. 
187 (2011), each pollen taxon was classified into one of the 13 IPR types (Fig. 6). These were 
188 then presented as percentages of the assemblage to show the development of biome-scale 
189 (zonal) and local-scale (azonal) vegetation on the west Atlantic margin of the Iberian 
190 Peninsula.
9191 More recently, Martinetto et al. (2017) identified a series of plant taxa that were 
192 extirpated in Europe during the Pliocene and Pleistocene, but still survive in the humid 
193 regions of east Asia today. These were termed HUTEAs (Humid Thermophilous plant taxa of 
194 East Asian Affinity) and were shown to be particularly sensitive to the cooling climate of the 
195 Pliocene and Pleistocene (Martinetto et al., 2017). To understand how HUTEA taxa 
196 responded on the west Atlantic Margin of the Iberian Peninsula, we used the classification 
197 scheme presented by Martinetto et al. (2017) and determined the number of HUTEA, CTEA 
198 (Cool-Tolerant extinct European taxa of East Asian affinity) and TEWA (Thermophilous 
199 European, West Asian and/or African elements) that were present in each pollen assemblage 
200 of Rio Maior (supplementary table 2). To determine if the loss of HUTEA taxa led to a 
201 decrease in pollen taxa diversity, or if these taxa were replaced by others, the Shannon-
202 Wiener Diversity Index (H’) was calculated (Shannon, 1948; Smith and Wilson, 1996). The 
203 Shannon-Wiener Diversity Index (H’) is presented in a standardised format (distance from 




208 The detailed study of 56 samples (RM.116 – RM.7) from core F98 allowed 
209 identification of 127 different taxa from a total of 22850 pollen and spore grains counted 
210 (Fig. 3; Supplementary table 1). Almost all the samples revealed an extremely rich and 
211 diverse palynomorph assemblage. Although, the diversity decreased towards the top of the 
212 core, which may in part be due to unfavourable sediments for preservation. Many elements 
213 were recorded for the first time in Piacenzian sediments for this latitude (Fig. 3, 4). 
214 Supplementary table 2 summarises the pollen and spores identified along with the assigned 
10
215 nearest-living relative that was used for the co-existence approach (Fig. 5), the IPR 
216 classifications used in an attempt to reconstruct biome scale vegetation (Fig. 6) and HUTEA, 
217 CTEA & TEWA classifications used to evaluate when these taxa were extirpated on the west 
218 Atlantic margin of the Iberian Peninsula (Fig. 7).
219 3.1. Pollen zones
220 3.1.1. Pollen Zone RM1 
221  Pollen Samples RM.116 – RM.105 (125.7 – 119 m core depth). This lowermost zone 
222 was characterized by the dominance of Pinus in the pollen count (20-50%). All the other 
223 gymnosperms (Cathaya, Picea, Taxodium type and Tsuga) occurred in rare numbers (Fig. 3). 
224 Pteridaceae were the most abundant spores in the samples. The dominant arboreal 
225 angiosperms were Quercus (10-15%), Engelhardia (4-11%) and Myrica/Morella (6-10%). 
226 Also present in lower percents were Carya, Liquidambar, Oleaceae and Ulmus (Fig. 3). 
227 Cercidiphyllum and Craigia were identified in the basal two samples of Pollen Zone RM1. 
228 Low counts of Symplocos and Nyssa occurred throughout this interval. Ericaceae pollen were 
229 also present in every sample comprising an average of 20% of the pollen percent. Herbaceous 
230 plants occurred in low abundance with Amaranthaceae, Asteraceae, Cistaceae and Poaceae. 
231 Sample RM.108 at 119.5 m contained a peak of Typha together with high quantities of 
232 Botryococcus supporting the presence of a freshwater (probably lacustrine) environment. 
233 In Pollen Zone RM1, there was a decrease in MAT from 16.8-18.2°C at 121.5 m to 
234 15.7-16.6°C at 120.5 m, a possible decrease in CMMT from 3.8-12.2°C to 2.9-3.8°C, an 
235 increase in MPwet from 178-204 mm to 216-225 mm and an increase in MPwarm from 116-
236 120 mm to 173-177 mm (Fig. 5).
237 3.1.2. Pollen Zone RM2 
11
238 Pollen Samples RM.103 – RM.101 (117.0 – 115.2 m). This zone was defined by 
239 increase percentages of Myrica/Morella (12-27%), Symplocos (16-28%) and Engelhardia (8-
240 15%); with Corylus (4%) and Salix (6%) had their highest abundances in this zone (Fig. 3). 
241 Cistaceae, Ericaceae and Quercus pollen percents decreased when compared with Pollen 
242 Zone RM1. Pollen of Sapotaceae was present in frequent numbers. Carya, Gymnosperms, 
243 Nyssa, Rutaceae, Taxodium type and Trigonobalanopsis were only present in rare 
244 occurrences (Fig. 3) The herbaceous pollen and fern spore counts were low. Many of the 
245 indeterminate pollen grains in this zone may have been previously identified as Cyrillaceae-
246 Clethraceae by Diniz (1984). However, using a SEM it was not possible to confidently 
247 confirm that the exine surface matched the description for the Cyrillaceae-Clethraceae group.
248 Between Pollen Zones RM1 and RM2 there was an increase in reconstructed MAT 
249 (15.7-16.6°C to 17.2-23.9°C) and CMMT (2.9-3.8°C to 4.3-16.7°C) (Fig. 5). There was an 
250 interval of fluctuating WMMT between Pollen Zones RM2 and RM3 with decreasing MAP: 
251 from 1217-1355 mm yr-1 at 115.2 m to 1037-1090mm yr-1 at 111.25 m (Fig. 5). 
252 3.1.3. Pollen Zone RM3 
253  Pollen Samples RM.97 – RM.85 (111.25 – 104.6 m). In this zone, Pinus and 
254 Ericaceae pollen were the most abundant pollen (20-35%), Quercus and Myrica/Morella had 
255 average percentages of 12% and Engelhardia comprised 5% of the total count. Symplocos 
256 pollen values dropped from 16-28% in Pollen Zone RM2 to <1% in this zone (Fig. 3). 
257 Additional arboreal taxa were represented by frequent occurrences of Betulaceae, Carya, 
258 Castanea, Ilex, Juglans and Tsuga. Whilst, Cathaya, Diplopanax Liquidambar, Oleaceae, 
259 Taxodiaceae and Ulmus were present consistently through this zone (Fig. 3). There was an 
260 increase in herbaceous plants represented by pollen of Amaranthaceae, Apiaceae, Asteraceae, 
261 Cistaceae, Euphorbiaceae and Poaceae. Samples RM.87, RM.89 and RM.90 yielded abundant 
12
262 Botryococcus (outside the pollen count). Keteleeria and Sequoia pollen had their last 
263 occurrences at this zone (Fig. 3).
264 A further decrease in MAP is reconstructed in Pollen Zone RM3 to 823-932 mm yr-1 
265 at 110 m was accompanied by a decrease in MPwarm from 115-120 mm at 111.25 m to 61-
266 79 mm at 110 m (Fig. 5). Following the MAP minimum at 110 m was an increase in MAP to 
267 1037-1217 mm yr-1 and a possible increase in MPdry (Fig. 5). An increase in MPwarm and 
268 MAP occurred by 107 m when compared to 110 m (Fig. 5). At the end of Pollen Zone RM3 
269 (104.6 m), there was a probable decrease in CMMT from 3.8-12.2°C to 2.9-3.8°C and an 
270 increase in WMMT from 23.6-23.8°C to 25.2-26.5°C. MAP dropped from 1037-1090 mm yr-
271 1 at 104.6 m to 823-932 mm yr-1, MPwarm also decreased from 115-120 mm to 61-79 mm 
272 (Fig. 5).
273 3.1.4. Pollen Zone RM4 
274 Pollen Samples RM.84 – RM.73 (103.8 – 90.1 m). This pollen zone was characterized 
275 by the marked reduction of Pinus and Quercus pollen to lower percentages than in Pollen 
276 Zone RM3 (Fig. 3). Arboreal taxa were dominated by Myrica/Morella pollen (20%, 
277 decreasing towards the top of the zone) and Engelhardia (4-8%). Osmunda spores increased 
278 in occurrence (12-24%), particularly in the interval from 103.8 to96.1 m (Fig. 3). Toward the 
279 top of this zone (92.5 – 90.1 m) there was a marked influx of Symplocos (20%) and Nyssa 
280 (15%). The non-arboreal taxa were present in low counts, although Fabaceae pollen appears 
281 to be better represented in this pollen zone, particularly the genus Ornithopus which is not 
282 recorded above this zone (Fig. 3).  
283 In Pollen Zone RM4, at 102.2 m, there were increases in MAP (823-932 mm yr-1 to 
284 1217-1724 mm yr-1), MPwet (178-204 mm to 254-265 mm) and MPwarm (61-79 mm to 118-
285 177 mm) (Fig. 5). CMMT had also increased by 102.2 m to 4.3-13.6°C (Fig. 5). At 98.1-96.1 
13
286 m, MPdry increased from 7-37 mm to 43-47 mm, whilst WMMT decreased at 96.1 m core 
287 depth from 26.5-26.9°C to 25.4-26.0°C (Fig. 5). MPdry then decreased at 92.5 m to 5-37 mm, 
288 whereas MPwet increased from 195-204 mm to 225-236 mm (Fig. 5). At 90.1 m MPwet 
289 decreased to 178-204 mm, MPdry increased to 43 mm and WMMT increased to 23.8-26.0°C 
290 (Fig. 5).
291 3.1.5. Pollen Zone RM5 
292 Pollen Samples RM.71 – RM.51 (88.5 – 62.5 m). The abundance of Pinus (25%) and 
293 (10-15%) Quercus increased through this zone, whilst Myrica/Morella and Engelhardia 
294 maintained similar counts with smaller fluctuations between samples (Fig. 3). There was a 
295 peak in abundance of Engelhardia, Myrica/Morella and Zanthoxylum in sample RM.55 at 
296 73.5 m (Fig.3). In contrast to the previous zone, Nyssa and Symplocos numbers decreased 
297 (<1%). There was a more consistent presence of many pollen types in this zone, in particular: 
298 Buxus, Carya, Castanea, Ilex, Juglans, Oleaceae, Rosaceae and Taxodiaceae (Fig. 3). 
299 Osmunda spores were relatively low in abundance in the basal part of the zone but increased 
300 towards the top; with a peak (35%) at 79 m (RM.59). Other spores of Gleicheniaceae and 
301 Pteridaceae showed a sporadic increase though this zone (Fig. 3). The last recorded 
302 occurences of Cercidiphyllum, Diplopanax, and Mortoniodendron were in this pollen zone 
303 (Fig. 3). 
304 Pollen Zone RM5 (88.5 – 62.5 m) contains the warmest interval of the entire record at 
305 88 m with MAT reconstructed at 18.2-22.0°C and CMMT as 12.2-16.3°C (Fig. 5). This was 
306 immediately followed by cooler temperatures at 87.5 m (MAT = 16.6-17.2°C and CMMT = 
307 2.9-4.3°C) (Fig. 5). By 64 m CMMT had increased to 7.5-12.2°C and there were increases in 
308 MAP (823-1037 m yr-1 to 1451-1809 mm yr-1) and MPwarm (79-112 mm to 115-118 mm) 
309 (Fig. 5). A probable increase in MPdry from 13-43 mm at 83.5 m to 43-47 mm at 81 m was 
14
310 accompanied by a decrease in MAP to 1090-1355 mm yr-1 (Fig. 5). MPwarm decreased from 
311 112-120 mm at 81 m to 79-92 mm at 79 m, before increasing to 116-120 mm at 76.5 m (Fig. 
312 5). A possible cooling in MAT (16.8-18.2°C to 16.6-16.8°C), CMMT (3.8-12.2°C to 2.9-
313 3.8°C) and a probable decrease in MAP (1090-1451 mm yr-1 to 1037-1090 mm yr-1) occurred 
314 at 75 m (Fig. 5). These changes reversed at 73.5 m: MAT returned to 16.8-18.2°C, CMMT 
315 returned to 3.8-12.2°C and MAP returned to 1090-1451 mm yr-1 (Fig. 5). Also at 73.5 m 
316 WMMT decreased from 25.7°C to 25.2°C, this cooling continued to 73 m (23.0-23.8°C) and 
317 was accompanied by a decrease in MPwarm from 116-120 mm to 79-112 mm (Fig. 5). 
318 WMMT increased to 25.2-26.5°C at 72 m (Fig. 5).
319 3.1.6. Pollen Zone RM6 
320 Pollen Samples RM.49 – RM.48 (61.5 – 61.0 m). This short interval in the core marks 
321 a distinct change from Pollen Zone RM5 (Fig. 3). There was an increase of Pteridaceae 
322 spores, as well as pollen of Cathaya and Nyssa, with the former reaching a peak abundance 
323 (27%) at 61 m (RM.48). This zone also contained high counts of Leitneria, a sub-tropical 
324 plant that today is found in the southeast of the USA. Engelhardia had higher counts then 
325 Quercus, although this is this the last zone where Engelhardia pollen has a noticeable 
326 presence (Fig. 3). Zanthoxylum represents 2% of this pollen zone (Fig. 3). Rare pollen of 
327 Craigia, Palmae and Trigonobalanopsis, had their last occurences in this zone (Fig. 3). A 
328 possible increase in MPdry occurred from Pollen Zone RM5 into Pollen Zone RM6: from 8-
329 37 mm at 62.5 m to 37-43 mm at 61.5 m and was accompanied by an increase in WMMT to 
330 26.0-27.9°C (Fig. 5).
331 3.1.7. Pollen Zone RM7 
332 Pollen Samples RM.47 – RM.13 (60.0 – 25.0 m). This pollen zone was characterized 
333 by a reduction in pollen and spore diversity - most of the remaining paratropical and warm-
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334 temperate taxa had their last occurrences in this zone (Fig. 3). Pollen of Sapotaceae and 
335 Zanthoxylum disappeared at the base of this zone, followed by the last occurrences of 
336 Leitneria, Nyssa, Rutaceae and Symplocos pollen (Fig. 3). Cathaya, Engelhardia, Taxodium 
337 typeand Tsuga occurred throughout this zone in low percentages and disappeared at the top of 
338 the zone (Fig. 3). Pinus became the dominant taxon in the pollen spectrum (approx. 40%) 
339 together with a marked increase in Ericaceae, Myrica/Morella and Quercus (Fig. 3). Pollen of 
340 Alnus Asteraceae and Cupressaceae, became more frequent in this pollen zone (Fig. 3). The 
341 percentage of fern spores and herbaceous pollen appeared in similar quantities to previous 
342 pollen zones, but with lower taxonomic diversity (Fig. 3). 
343 A decrease in WMMT (to 23.1-23.6°C) and MPdry (to 8-37 mm) is reconstructed at 
344 the start of Pollen Zone RM7 (60 m) (Fig. 5). At 50 m WMMT increased to 25.2-26.0°C, 
345 MPwarm increased to 82-116 mm and there was a possible increase in MPdry to 43 mm (Fig. 
346 5). WMMT then probably decreased at 48 m to 21.6-25.2°C and MPwet possibly decreased 
347 to 86-178 mm (Fig. 5). At 46 m core depth MPwet increased to 204-293 mm before it 
348 probably decreased at 39.5 m to 178-204 mm (Fig. 5). There was a final decrease in MPwarm 
349 from 82-116 mm at 39.5 m to 54-79 mm at 36.5 m, this then probably increased at 33.5 m to 
350 79-116 mm (Fig. 5). A final fluctuation in MPwet occurred at 14-13 m core depth with first a 
351 probable decrease to 109-178 mm and a final increase to 178-204 mm (Fig. 5).
352 3.1.8. Pollen Zone RM8 
353 Pollen Samples RM.8 – RM.7 (9.0 – 8.5 m). This pollen zone comprises the only two 
354 productive samples in the uppermost 25 metres of the core. The top sample was dominated by 
355 Pinus (64%), whereas at 9 m, Ericaceae (44%) and Asteraceae (23%) were the most abundant 
356 taxa. Pollen of Alnus increased through this zone, whilst pollen of Castanea, Cistaceae, 
357 Myrica/Morella and Poaceae were rare (Fig. 3). Pollen of herbaceous plants increased in 
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358 proportion (20%) through this pollen zone (Fig. 3). Fern spores only represent 2% of total. 
359 This zone has the lowest diversity of the whole record (Fig. 3). All climate reconstructions in 
360 Pollen Zone RM8 (8.5-9 m) have wide ranges due to the relatively low number of taxa 
361 preserved (Fig. 5).
362
363 3.2. Integrated Plant Record, Diversity and Climate Sensitive Taxa
364 Using the IPR the pollen assemblages were classified into biome (zonal) and local 
365 (azonal) vegetation types (Fig. 6). In the Rio Maior F98 core, biome vegetation types were 
366 more abundant than local scale vegetation types. Within the biome-scale types, broadleaved 
367 deciduous trees and mesic herbs were the dominant classifications for the entire length of the 
368 core (Fig. 6). Broadleaved evergreen trees remain a constant element of the assemblage until 
369 the start of Pollen Zone RM7, from where the proportions of broadleaved evergreen trees 
370 gradually decrease (Fig. 6). Pollen Zone RM6 contains the last occurrence of zonal palms, 
371 which were present in isolated peaks of one or two samples in every pollen zone below RM6 
372 (Fig. 6). Zonal arboreal ferns were present in the record until 32 m (Pollen Zone RM7) and 
373 typically show an increase in abundance when zonal palms were present (Fig. 6). Sclerophyll 
374 and dry environment herbs remain relatively constant through the record until they increase 
375 in Pollen Zone RM8. Legume elements are sporadically absent, but present in all pollen 
376 zones (Fig. 6).
377 The standardised H’ shows levels of pollen diversity fluctuating around the mean 
378 value for the entire core until the end of Pollen Zone RM6 (Fig. 7a). At the beginning of 
379 Pollen Zone RM7, H’ falls below the mean value for the core and continues to decline until 
380 the end of the record (Fig. 7a). A significant drop in H’ is also present towards the end of 
381 Pollen Zone RM1, at the boundary between Pollen Zone RM2 and RM3, in the middle of 
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382 RM3, at the start of RM4 and twice in the middle of RM5 (Fig. 7a). The H’ record is 
383 mirrored by the number of HUTEA taxa present in the pollen assemblages, which shows a 
384 decrease to a single taxon at the end of Pollen Zone RM1, in the middle of Pollen Zone RM5 
385 and in Pollen Zones RM7 and RM8 (Fig. 7b). The number of CTEA taxa also show a 
386 decrease at the end of Pollen Zone RM1 and during Pollen Zone RM7 (Fig. 7c). Conversely, 
387 TEWA taxa show an increase at the end of Pollen Zone RM1 and their largest abundance on 
388 the boundary between Pollen Zones RM4 and RM5 (Fig. 7d).
389
390 4. Discussion
391 4.1. Palaeoenvironment and palaeoclimate of Rio Maior
392 The Rio Maior F98 core pollen record shows an overall trend of decreasing diversity 
393 in tree and shrub taxa and a proportional increase in herbaceous taxa during the latest 
394 Piacenzian into the early Gelasian (Fig. 3, 6 & 7). Pollen Zones RM1 to RM6 are dominated 
395 by a diverse mixed evergreen and deciduous forest with a warm-temperate and humid 
396 climate, except in Pollen Zone RM5. In Pollen Zone RM5, the co-existence approach 
397 reconstructs CMMT greater than 6°C and therefore this could classify as subtropical; if 
398 coldest winter temperature is used to define the subtropics (Corlett, 2013). Pollen Zone RM7 
399 represents a gradual transition from the warm-temperate mixed forests of the earlier 
400 Piacenzian to the less diverse open woodlands of the Gelasian (Fig. 3, 6 & 7). Using the IPR 
401 calculations on zonal vegetation types to reconstruct biome-scale vegetation, would 
402 reconstruct the entire record as subhumid sclerophyll woodland, open xeric woodland and 
403 xeric steppe (Kovar-Eder and Kvaček, 2007; Kovar-Eder et al., 2008; Teodoridis et al., 
404 2011). The difference in the IPR based reconstruction and the qualitative reconstruction of 
405 the Rio Maior vegetation is based on the biasing influence of a diverse herbaceous 
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406 component (Teodoridis et al., 2011). In the IPR calculations, if the taxonomic list contains 
407 more than 30% herbaceous taxa then the vegetation is reconstructed as open woodland or if it 
408 is greater than 40% it is classified as a steppe (Kovar-Eder et al., 2008). However, it has been 
409 shown that modern deciduous and mixed forests can contain up to 70% herbaceous taxa 
410 (Teodoridis et al., 2011). The application of SEM to document the full taxonomic diversity of 
411 the Rio Maior pollen assemblages likely means that more of the herbaceous component from 
412 the diverse Piacenzian warm-temperate forests has been recorded (Fig. 3, 4 & 7a).
413 The pollen assemblage likely reflects different habitats and variations in the forest 
414 associated with climate fluctuations during the Piacenzian in a lacustrine setting, as can be 
415 seen in the relatively high proportion of azonal (local-scale) vegetation types (Fig. 6) (Pound 
416 et al., 2015; Panitz et al., 2016). In the immediate swamp and riparian areas surrounding the 
417 lake, trees such as Alnus, Craigia, Engelhardia, Liquidambar, Nyssa, Sapotaceae, Taxodium 
418 type, and Zanthoxylum were found (Fig. 8a) as attested in some other Pliocene sites of the 
419 central Mediterranean area (e.g. Bertini, 2002, 2010). In areas with better drainage, the forest 
420 composition comprised Acer, Carya, Cathaya, Juglans, Myrica/Morella, Quercus, 
421 Trigonobalanopsis and Ulmus with abundant Ericaceae species (Fig. 8a); similar assemblages 
422 though with Ericaceae in lower abundances have been pointed out in northern and central 
423 Italian sites (Bertini & Martinetto, 2008, 2010). Shrubs and lianas included Hedera, 
424 Lonicera, Rosaceae and Vitaceae. Herbaceous plants, include pollen of the Asteraceae, 
425 Apiaceae, Campanulaceae, Fabaceae (Astragalus, Ornithopus, Genista), Euphorbiaceae 
426 (Euphorbia, Mercurialis) Poaceae (Vieira, 2009). Pollen of parasitic plants such as 
427 Arceuthobium, Loranthus and Viscum are present. Possible indicators of altitude include 
428 Betula, and Picea (Bertini, 2001; 2010). Abundant spores of Osmunda and Pteridaceae attest 
429 to intervals of high precipitation in Pollen Zones RM1, RM3, RM4 and RM5 (Fig. 3; 5).      
430 Previously, this vegetation record has been assumed to represent the entire Pliocene based on 
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431 the original age determinations of Diniz (1984) and has been correlated with other early 
432 Pliocene records to generate syntheses of Iberian or western European vegetation and climate 
433 (e.g. Fauquette et al., 1999; 2007; Jimenez-Moreno et al., 2010), which multiple lines of 
434 evidence show is no longer the case (Cachão, 1990; Silva, 2001; Ramos and Cunha, 2004; 
435 Vieira, 2009). Pollen Zones RM1 to RM7 belong to the Piacenzian, whilst Pollen Zone RM8 
436 is assigned to the Gelasian (Fig. 3 & 6). 
437 Pollen Zone RM1 contains an interval (120.5 - 119 cm) of reduced H’ diversity, less 
438 HUTEA taxa, less CTEA taxa and a reconstructed drop in MAT and CMMT (Fig. 5 & 7). As 
439 Pollen Zone RM1 is part of the Piacenzian, it is likely that this interval may correspond to 
440 Marine Isotope Stage (MIS) M2 – the first strongly positive oxygen isotope excursion of 
441 NN16 and the Piacenzian (Haywood et al., 2013a). This glaciation event has been linked to 
442 20-60 m sea level fall and a reduction in Sea Surface Temperature (SST) of 3-4°C at the same 
443 latitude as the Rio Maior record (Naafs et al., 2010; Tan et al., 2017). Climate model 
444 simulations of this glaciation indicate that MAP would have increased over the western 
445 Iberian Peninsula (Tan et al., 2017). This is not seen in the co-existence approach 
446 reconstructions from Rio Maior, but an increase in the wettest and warmest months 
447 precipitation is reconstructed (Fig. 5). Typha forms a significant proportion of the pollen 
448 assemblage at the top of Pollen Zone RM1 and is accompanied by pollen of Nuphar 
449 indicating a marsh ecosystem bordering the Tagus Basin Piacenzian lake (Fig. 8a) (Willard et 
450 al., 2004). Aquatic taxa are present throughout the Rio Maior core, but in relatively small 
451 amounts after Pollen Zone RM1, this expansion of local swamps during the MIS M2 
452 glaciation might be the result of global shifts in precipitation that are predicted by modelling 
453 (Tan et al., 2017).
454 Pollen Zone RM2 contains an increase in broadleaved evergreen trees, arboreal palms 
455 and arboreal ferns, along with an increase in H’ diversity showing a return to warmer moder 
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456 diverse forests following the MIS M2 glaciation (Figs. 6 & 7). This interval likely represents 
457 an early part of the warm PRISM interval (Haywood et al., 2013a). As the climate, H’ 
458 diversity and IPR vegetation type proportions remain relatively constant until the end of 
459 Pollen Zone RM6, these likely contain the entire PRISM interval to the next major positive 
460 oxygen isotope excursion (MIS G10) at around 2.8 Ma (Lisiecki and Raymo, 2005). During 
461 Pollen Zone RM2, pollen of Symplocos reaches its first of two peaks (Fig. 3). Today 
462 Symplocos (Fig. 4) is a genus of around 300 species of trees and shrubs that inhabit 
463 subtropical to tropical humid environments (Wang et al., 2004). This environmental 
464 preference is consistent with the rest of the pollen assemblages from Pollen Zone RM2 and 
465 the reconstructed palaeoclimate, which indicates a MAP of 1217-1451 mm and MPwarm of 
466 116-118 mm (Fig. 4). The second peak in Symplocos pollen comes towards the end of Pollen 
467 Zone RM4 and is accompanied by a peak in Nyssa pollen and high WMMT (23.8 – 26.0°C) 
468 and MPdry (43 mm) (Figs. 3; 4). Modern species of Nyssa inhabit temperate to tropical 
469 climates; many have a preference for humid environments and have adaptations to survive 
470 seasonal flooding (Eyde, 1997). Nyssa pollination is predominantly entomophilous (though 
471 limited anemophilous pollination does occur in some species) and thus any significant 
472 accumulation of its pollen in the fossil record is normally autochthonous - indicating a 
473 wetland environment (Eyde, 1997; Sun et al., 2009; Rich et al., 2015). A second peak in 
474 Nyssa pollen is found in Pollen Zone RM6, together with a significant amount of Leitneria 
475 pollen (Fig. 3). Today the genus Leitneria is monospecific and only found in swampy 
476 environments of the southern USA (Sharma et al., 2008). Pollen Zone RM6 also reconstructs 
477 the warmest WMMT (26.0 - 27.9°C) and one of the intervals of highest MPdry (37-43 mm) 
478 (Figure 4). The high summer temperature, the higher precipitation and the last occurrence of 
479 diverse HUTEA taxa means that RM6 may well correspond to the last major warm interval of 
480 the Piacenzian, which has been dated in the high-latitudes of the North Atlantic to 3.29 – 3.18 
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481 Ma (Panitz et al., 2016). Alternatively, forests and warm conditions prevailed at Lake 
482 El’gygytgyn (North-eastern Russian) until 3.06 Ma, which is also the modelled interval for 
483 peak warmth in the Iberian Peninsula (Andreev et al., 2014; Prescott et al., 2014).
484 In Pollen Zone RM7, at the top of the Piacenzian, the general floral content changes 
485 with less HUTEA taxa, declining H’ diversity and a gradual reduction in the number of 
486 CTEA taxa (Figs. 3; 7). The co-existence approach reconstructs a drop in WMMT by at least 
487 2.4°C from the last sample in Pollen Zone RM6 to the first sample in Pollen Zone RM7 (Fig. 
488 5). From the start of Pollen Zone RM7 Quercus pollen becomes permanently more frequent 
489 than Engelhardia (Fig. 3). Overall, Pollen Zone RM7 contains the highest loss of pollen types 
490 with around 40 taxa disappearing from the Rio Maior record before the end of this zone (Fig. 
491 3 & 7). Not all of these losses are taxa associated with warm and humid climates: Cistus and 
492 Ephedra for example are more typical of open sclerophyllous or xerophytic environments 
493 (Fauquette et al., 2007). Pollen of herbaceous plants forms a higher proportion of Pollen Zone 
494 RM7 than the preceding six zones, but they are still subsidiary to the pollen of broadleaved 
495 deciduous trees (Fig. 6). This increase of herbaceous plants indicates a change from the dense 
496 subtropical/warm-temperate mixed forest of pollen zones RM1 – RM6 to a less diverse and 
497 probably more open environment. The palaeoclimate reconstructions indicate a decline in 
498 precipitation of the wettest month (MPwet) and a decrease in WMMT, when compared to 
499 Pollen Zone RM6 (Fig. 5). Pollen Zone RM7 corresponds to the final portion of the 
500 Piacenzian and the loss of diversity and climate sensitive taxa likely reflects the global 
501 cooling and aridification that followed the last interval of sustained Piacenzian warmth before 
502 the onset of major northern hemisphere glaciations in the Gelasian (Andreev et al., 2014; 
503 Panitz et al., 2016; Martinetto et al., 2017; Boyd et al., 2018).
504 The lower part of pollen zone RM7 can be correlated with Diniz (1984) assemblage G 
505 and the macrofossil bearing outcrop in Abum area (Pais, 1987). The reported presence of 
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506 leaves representing palm species (Chamaerops humilis and Sabal cf. haeringiana) and 
507 Lauraceae (Cinnamomum polymorphum and Oreodaphne heeri) from this outcrop (Teixeira, 
508 1942, 1954, Teixeira and Pais, 1976) reveals that some groups of plants are not preserved in 
509 the Rio Maior pollen and spore record (Fig. 3 & 6). In particular, genera of the Lauraceae 
510 produce non-resistant pollen and, thus, are rarely or never encountered in fossil palynomorph 
511 assemblages (e.g. Bertini & Roiron, 1997).
512 The final Pollen Zone RM8 (Gelasian) yielded less diverse assemblages when 
513 compared with the rest of the core (Fig. 3 & 7). This decline in diversity and absence of 
514 climate sensitive HUTEA and CTEA taxa is comparable to the records from central Italy 
515 (Martinetto et al., 2017). There is an increase of herbaceous plants (mainly Asteraceae) and a 
516 reduction of all tree and shrub taxa except Alnus, Pinus and Ericaceae (Figs. 3 & 6). 
517 Ericaceae pollen is only present in the first sample of Pollen Zone RM8 and may indicate a 
518 wetter Pleistocene environment (González-Sampériz et al., 2010). The second sample 
519 contained mostly Pinus pollen with Alnus and Asteraceae, which probably represents an open 
520 pine woodland (Fig. 8B) (González-Sampériz et al., 2010). Artemisia pollen wasn’t identified 
521 in Pollen Zone RM8 (Vieira, 2009). The absence of Artemisia indicates that, contrary to the 
522 rest of the Iberian Peninsula, there was no development of a steppe environment on the 
523 Western Atlantic coast (Fig. 8B) (Fauquette et al., 2007; Barron et al., 2010; Jiménez-Moreno 
524 et al., 2010).
525
526 4.2. Regional vegetation and climate during the Piacenzian
527 Current PRISM4 vegetation reconstructions for the Piacenzian show the presence of 
528 warm-temperate mixed forest on the Atlantic margin of western Europe and temperate 
529 xerophytic shrubland on the Mediterranean coast of the Iberian Peninsula (Salzmann et al., 
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530 2008; Salzmann et al., 2013; Dowsett et al., 2016). The presence of a warm and humid forest 
531 environment is confirmed from this study for Pollen Zones RM1-RM6 (Fig. 6). It was 
532 proposed that during cooler and drier intervals of the Piacenzian that xerophytic shrubland 
533 might have been present on the Atlantic coast of the Iberian Peninsula (Salzmann et al., 2013) 
534 This cold-dry scenario, proposed to get around the different temporal scales of climate 
535 modelling (typically hundreds of years) and proxy based syntheses (typically on greater than 
536 10s of thousands of years), is not supported by the new results from Rio Maior (Fig. 3, 5 & 
537 6). Instead the Atlantic coast of Iberia appears to have maintained a warm and humid climate 
538 throughout the Piacenzian, with intervals of forests with reduced diversity likely coinciding 
539 with glaciation intervals such as MIS M2 (Fig. 7a). The first sample of Pollen Zone RM4 
540 contains a pollen assemblage from which the co-existence approach reconstructs the lowest 
541 MAP of the warm-interval of the record (presumed to be older than 2.8 Ma) of 823-932 mm 
542 (Fig. 5). This likely corresponds to one of the other major positive oxygen isotope excursions 
543 before 2.8 Ma (e.g. KM2 or G20), but without greater sample resolution and precision dating 
544 it is not possible to determine which (Lisiecki and Raymo, 2005; Haywood et al., 2013a).
545 The relatively high precipitation reconstructed for the majority of the Rio Maior 
546 palynology record is substantially different from Piacenzian reconstructions on the 
547 Mediterranean side of the Iberian Peninsula, where values were potentially as low as 600 mm 
548 yr-1 (Fig. 5; Fauquette et al., 2007). Alkenone reconstructed SST from around the Iberian 
549 Peninsula show that both the Mediterranean and the Atlantic had SST of 25-27°C (Khelifi et 
550 al., 2009; 2014; Tzanova and Herbert, 2015; Furota et al., 2016). However, it has been 
551 proposed that the progressive closure of the Indonesian throughflow would have reduced 
552 precipitation from the African Monsoon and the delivery of moisture to the Mediterranean 
553 (Sarnthein et al., 2017). Climate modelling struggles to reconstruct increased precipitation 
554 across the western side of the Iberian Peninsula (Haywood et al., 2013b; Rosenbloom et al., 
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555 2013; Tindall and Haywood, 2015; Chandan and Peltier, 2017). It has been shown that the 
556 presence of a lake can support a more humid local vegetation in a wider environment 
557 characterised by lower precipitation (Pound et al., 2014). Whilst the Tagus Basin did contain 
558 a lake that could have modulated a more arid environment to support the vegetation present 
559 in the new pollen record, it would not account for the comparable flora recovered from S. 
560 Pedro da Torre in northern Portugal (Vieira et al., 2011). Instead it would appear that the 
561 diverse warm-temperate mixed forests of the Atlantic margin of Iberia were sustained until at 
562 least 2.8 Ma by a source of precipitation that at present cannot be reproduced in climate 
563 modelling experiments (Haywood et al., 2013b; Chandan and Peltier, 2017). Closure of the 
564 Central American Seaway has previously been demonstrated as a means to increase 
565 precipitation across the northern hemisphere (Lunt et al., 2008), but more recent work shows 
566 reductions in precipitation in the northern hemisphere when this oceanic gateway is closed 
567 (Brierley and Fedorov, 2016; Tan et al., 2017).
568
569 5. Conclusions
570 The Rio Maior fossil pollen and spores recovered from borehole F98 clearly 
571 demonstrate the presence of a high-diversity warm and humid forest in Pollen Zones RM1-
572 RM6. Using the revised chronology of the Tagus Basin, it is inferred that Pollen Zones RM1-
573 RM6 represent 3.6-2.8 Ma and that the Pollen Zones RM2-RM6 represent the PRISM “mid-
574 Pliocene Warm Period”. Pollen Zone RM1 is inferred to end with the MIS M2 glaciation and 
575 shows a significant drop in H’ diversity, climate sensitive taxa, MAP and CMMT. It is only 
576 in the latest Piacenzian (Pollen Zone RM7) that a trend for cooler and more open vegetation 
577 begins. Pollen Zone RM7 starts with a reconstructed decrease in WMMT and contains 
578 decreasing H’ diversity exemplified by the loss of climate sensitive taxa. The Gelasian 
25
579 (Pollen Zone RM8) is characterised by a low diversity pollen assemblage dominated by 
580 Ericaceae and Pinus pollen representing and open pine woodland. Whilst Pollen Zone RM8 
581 contains only two productive samples and might be biased by taphonomy, it is consistent 
582 with other records from the Pleistocene of the Iberian Peninsula. Previously, some of these 
583 pollen zones were incorrectly correlated with records of Zanclean age of the eastern Iberian 
584 Peninsula and southern Europe, but this is no longer supported by the revised chronology of 
585 the Tagus Basin. 
586
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886 List of figures
887 Figure 1. Geographical location of Portugal (A) and Rio Maior (B) (source: Diamantino 
888 Pereira) and a simplified geological map of the Rio Maior sub-basin with the location of 
889 borehole F98 (C) (modified from Zbyszewski & Almeida 1959 by Diamantino Pereira). 
890 Figure 2. Lithology of the F98 core and chronostratigraphic interpretation based on 
891 correlation with Vale do Freixo (Silva, 2001) for the base of the sequence and Abum area 
892 (Diniz, 1995) for the top. The small arrows illustrate the position of the studied samples. 
893 Figure 3. Summary pollen chart of the most abundant taxa and selected relevant species (in 
894 percentage values) and highlighted pollen zones. Full pollen counts are available in 
895 supplementary table 1.
896 Figure 4. Plate with selected taxa. Craigia pollen: A, polar view in LM; B, polar view in 
897 SEM. Zanthoxylum pollen: C, equatorial view in LM; D, equatorial view in SEM; E, detail of 
898 the exine surface. Symplocos pollen: F, LM polar view; G, SEM polar view; H, detail of the 
899 exine surface. Diplopanax pollen: I, equatorial view in LM; J, polar view in LM; K, 
900 equatorial view in SEM; L detail of the exine surface.
901 Figure 5. Reconstructed temperature and precipitation parameters reconstructed from the Rio 
902 Maior pollen assemblages, plotted against depth in the core and the Pollen Zones (grey 
903 horizontal dashed lines). Horizontal bars represent the full range reconstructed by the co-
904 existence approach (Utescher et al., 2014). A. Mean Annual Temperature (MAT); B. Cold 
905 Month Mean Temperature (CMMT); C. Warm Month Mean Temperature (WMMT). D. 
906 Mean Annual Precipitation (MAP) in mm yr-1; E. Mean Precipitation of the dry month 
907 (MPdry) in mm; F. Mean Precipitation of the wet month (MPwet) in mm; G. Mean 
908 Precipitation of the warm month (MPwarm) in mm
909 Figure 6. The proportion of each of the IPR vegetation classifications (following Kovar-Eder 
910 et al., 2008; Teodoridis et al., 2011) plotted against core depth and the pollen zones defined in 
911 figure 3. The classification scheme divides each taxon into either zonal vegetation (biome 
912 scale) or azonal vegetation (local-scale). The classification of taxa is available in 
913 Supplementary information 2. 
914 Figure 7. Changes in the H’ Shannon-Wiener Diversity Index (A) and the number of climate 
915 sensitive taxa (B, C & D) plotted against depth in the core and the Rio Maior Pollen Zones 
916 (grey horizontal dashed lines). A. Standardized (number of standard deviations from the 
37
917 mean) H’ diversity Index of the Rio Maior pollen assemblages. The vertical dashed line from 
918 0 represents the mean H’ diversity Index for the entire record. B. Number of HUTEA (Humid 
919 thermophilous plant taxa of East Asian affinity) taxa. C. Number of CTEA (Cool-Tolerant 
920 extinct European taxa of East Asian affinity) taxa. D. Number of TEWA (Thermophilous 
921 European, West Asian and/or African elements) pollen taxa in the Rio Maior assemblages. 
922 HUTEA, CTEA and TEWA were classified using the classification schemes in Martinetto et 
923 al. (2017) and can be found in supplementary information 2.
924 Figure 8. Pollen-based vegetation reconstruction of the Rio Maior sub-basin during the 











































































































Craigia pollen: A, polar view in LM; B, polar view in SEM. Zanthoxylum pollen: C, equatorial view in 
LM; D, equatorial view in SEM; E, detail of the exine surface. Symplocos pollen: F, LM polar view; G, 
SEM polar view; H, detail of the exine surface. Diplopanax pollen: I, equatorial view in LM; J, polar 
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Dry herbs
Mesic herbs
Azonal woody 
Azonal non-woody 
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